Computer tomography (CT-) based finite element (FE) models of vertebral bodies assess fracture load in vitro better than DXA, but boundary conditions affect stress distribution under the endplates that may influence ultimate load and damage localization under postyield strains. Therefore, HRpQCT-based homogenized FE models of 12 vertebral bodies were subjected to axial compression with two distinct boundary conditions: embedding in polymethylmethalcrylate (PMMA) and bonding to a healthy intervertebral disc (IVD) with distinct hyperelastic properties for nucleus and annulus. Bone volume fraction and fabric assessed from HRpQCT data were used to determine the elastic, plastic and damage behaviour of bone. Ultimate forces obtained with PMMA were 22% higher than with IVD but correlated highly (R 2 =0.99). At ultimate force, distinct fractions of damage were computed in the endplates (PMMA: 6%, IVD: 70%), cortex and trabecular subregions, which confirms previous observations that in contrast to PMMA embedding, failure initiated underneath the nuclei in healthy IVDs. In conclusion, axial loading of vertebral bodies via PMMA embedding versus healthy IVD overestimates ultimate load and leads to distinct damage localization and failure pattern.
Introduction
With 490 000 cases a year in Europe, compression fractures of osteoporotic vertebrae are among the most common type of osteoporotic fractures with high morbidity and health care costs (Johnell and Kanis 2005) . Dual energy X-ray absorptiometry (DXA), the usual technique for diagnosis and follow up of osteoporosis in the vertebra, does not account for morphology and local variation of bone density and thus, is not a satisfactory surrogate of bone strength (Griffith and Genant 2008 , McDonnell et al. 2007 ). Yet, more advanced methods such as QCT, HRQCT and CT-based finite element (FE) models are now used in clinical trials to estimate vertebral bone strength for various load cases , Graeff et al. 2009 ).
Several studies suggest that vertebral strength is more sensitive to the boundary condition on the endplates than to bone quality (Buckley et al. 2006, Jones and Wilcox 2007) . Therefore, due to the uncertainties introduced by various degrees of disc degeneration in elderly spines, validation of the FE models were performed with endplates embedded in PMMA , Chevalier et al. 2009 ) or without endplates (Dall'ara et al. 2010) . These boundary conditions, recently found to be equivalent (Maquer et al. 2012) , may be appropriate for mimicking a highly degenerated IVD that applies a more uniform load on the endplates compared to a healthy IVD (Keller et al. 1993 ).
However, a higher proportion of wedge fractures is observed clinically for vertebral bodies adjacent to degenerated IVD, while patients with healthy IVD rather undergo biconcave fractures (Seymour et al. 1998 , Lee 2000 , Ortiz et al. 2011 . Thus, the absence of endplates or their embedding would probably generate boundary conditions that are different from a healthy IVD and may lead to distinct structural properties.
In fact, several authors simulated intervertebral discs as boundary condition for their µFE models of vertebral bodies but only stress or strain distributions were computed and linear elastic models of the IVD were used (Homminga et al. 2004 , Eswaran et al. 2006 , Eswaran et al. 2007 , Fields et al. 2010 . The recent introduction of hyper-elastic and anisotropic models of intervertebral disc would guarantee a more realistic boundary condition but such models were only used to investigate disc degeneration (Galbusera et al. 2011) and its effects on the range of motion and stiffness of the spine or on the disc stress profile (Dolan et al. 2001 ).
Thus, while damage and strength of embedded vertebral bodies have been computed in some FE studies, the literature is poor in case of specimens surrounded by intervertebral discs. Furthermore, although boundary conditions are a critical aspect of biomechanical testing, its impact on the failure behaviour of the vertebral body remains unclear as no comparison between PMMA embedding and intervertebral discs was undertaken. Accordingly, the aim of this work was to determine whether strength and damage localisation predictions computed from homogenized finite elements models of human vertebral bodies were influenced by the choice of boundary condition. To this end, two sets of models based on 12 samples were produced before axial compression was applied: either embedding in PMMA was simulated as often done in biomechanical studies in vitro or the specimens were surrounded by healthy intervertebral discs.
Materials and Methods
An overview of the automatic homogenized finite element (hFE) model generation is given in Figure1. 
CT scans of the vertebral bodies
HRpQCT data of 12 vertebral bodies taken from another study (Chevalier et al. 2008) were used to generate the FE models (Figure 1 ). The authors extracted the vertebrae (L1-L5, age 47-83, all male), removed the soft tissues, sectioned the posterior elements at the pedicles and scanned the vertebral bodies in a water-filled container (XtremeCT, 82 μm, 59.4 kV, 1000 mA, Scanco Medical AG, Zürich, Switzerland).
Image processing
The image processing and meshing were performed automatically with in-house software onthe HRpQCT data following a published method . A Laplace-Hamming filter was first used to remove noise (Laib et al. 1998) , the images were then scaled to a range of 1-250 and segmented between cortical and trabecular masks using a 'fill' algorithm described by Pahr and Zysset (2008) (Figure 1 ).
Mesh generation
Isosurf (Treece et al. 1999 ) was used to create a triangle mesh on the surface of the trabecular mask.
This was only a surface mesh without cortex representation yet. Therefore, to produce volume meshes for trabecular and cortical bone, the algorithm described in Pahr and Zysset 2008 was used. This algorithm generates quadratic wedge elements for the cortex by extruding the positions of the nodes of the triangle mesh until the thickness of the wedge elements and the local thickness of the cortical mask matches. The trabecular bone was meshed by generating quadratic tetrahedral elements within the volume determined by the triangle mesh. Endplate elements were selected from the cortex elementset based on the angle between the normal of the triangular surface and the anatomical cranio-caudal direction. Compared to the published procedure, an extra step became necessary. The meshes were imported in Cubit (Cubit mesh generation environment, Version 12.2, CUBIT Development Team, Sandia National Laboratory, Albuquerque) and the endplate elements were remeshed in order to account for the morphology of the nucleus pulposus. The geometry of the half discs (Roaf, 1960) was extruded from the mesh to create two independent volume domains ( Figure 2 : nucleus pulposus and annulus fibrosus). The meshing of the IVD using tetrahedral elements was therefore easier and contact between bone and IVD during the simulations was no longer necessary thanks to the perfect bonding between the meshes. The dimensions of the intervertebral disc are usually taken from measurements (Schroeder et al. 2006 , Shirazi-Adl et al. 2010 ), MRI (Périé et al. 2001 or QCT data (Ayturk et al. 2010 , Moramarco et al. 2010 , Homminga et al. 2011 ) assuming the volume of the nucleus and its positioning within the disc (Jones and Wilcox 2008) . Thus, a height of 5 mm was used for the two half-intervertebral discs (Amonoo-Kuofi 1991, Inoue et al. 1999 ) and a volumetric ratio of 42% between nucleus pulposus and annulus fibrosus chosen (Goto et al. 2002 , Moramarco et al. 2010 . The cranial and caudal midsurfaces of the discs were chosen flat (Jones and Wilcox 2008) .
Material properties

Bone constitutive model
The elastic and strength properties of each bone element were assigned based on morphology information obtained from the HRpQCT images following the methodology of Pahr and Zysset 2009 . This method provides a bone volume fraction map and fabric tensors describing the morphology of the bone. A background grid with a spacing of 3.0 mm was superimposed on the image data. Bone volume fraction and local morphological properties were computed inside a spherical sub-region with a diameter of 7.5 mm diameter centred at each point of the grid. The bone volume fraction in each sub-region was derived from the image data using a calibration curve relating bone volume fraction to apparent bone mineral density (Chevalier et al. 2008 ). The fabric tensor was calculated using the mean intercept length method (MIL) (Laib et al. 1998 ) after segmentation of the scan images at a constant threshold (masks). The information was then linearly interpolated between the grid points in order to assign the properties to the elements of the FE mesh.
To model the mechanical behaviour of vertebral bone, a recently proposed visco-plastic damage model by Schwiedrzik and Zysset (2012) was adapted. The rheological model is a damageable elastic spring in series with a plastic pad, which is in parallel with a dashpot element. In the elastic regime, the model shows no strain rate dependence. The plastic strains are accumulating viscously.
Damage accumulation is assumed coupled to the plasticity using a damage function reducing all elements of the stiffness tensor. D is limited between 0 (no damage) and 1 (complete failure) accounting for the stiffness reduction of the bone elements due to the formation of micro-cracks.
The orthotropic elasticity tensor was assigned to each element based on the morphological information obtained from the images and fabric relationships proposed by Zysset and Curnier (1995) and identified by Rincon and Zysset (2009) . The elastic domain is bound by an orthotropic fabric and density based Tsai-Wu criterion that was fitted to the uni and multiaxial strength data of Rincon and Zysset (2009) . The viscosity of the plastic accumulation was essentially switched off and the hardening/softening function was identified with experimental force-displacement curves of vertebral sections (Dall'Ara et al. 2010 ).
Intervertebral disc constitutive model
While linear elastic isotropic models of the disc are available for µFE studies (Homminga et al 2004 , Eswaran et al. 2006 , Fields et al. 2010 , two methods are commonly used to model the anisotropy of the annulus in hFE models: explicit representation of the collagen fibres by bar elements embedded in a matrix (Goto et al. 2002 , Dreischarf et al. 2011 homogenized hyperelastic constitutive law of the matrix and fibres. This option, developed by Holzapfel and Gasser (2000) to model arteries, was adapted to the annulus fibrosus (Eberlein et al. 2001 , Eberlein et al. 2004 ). Porous models were also developed (Swider et al. 2010 , Malandrino et al. 2010 , Galbusera et al. 2011 ) but anisotropic models may be sufficient to represent the instantaneous response of the intervertebral disc (Jones and Wilcox 2008) . Therefore, the following free energy functions were derived for the IVD:
The modified invariants were defined as:
( 2) with a 0 = [cos(φ), sin(φ), 0] t and b 0 = [cos(φ), − sin(φ), 0] t ) being unitary vectors giving fibres direction and C* is the modified right Green strain tensor:
F is the deformation gradient and J = det(F). This constitutive model was chosen by several authors (Perez del Palomar et al. 2008 , Moramarco et al. 2010 ) and validated against the literature (Brown et al. 1957 , Markolf and Morris 1974 , Panjabi et al. 1994 , Guan et al. 2007 ). The value of the coefficients C10, C20 (matrix material), Δ (compressibility modulus), K1 and K2 (fibres stiffness)
were taken from Moramarco et al. 2010 .
An angle φ = ± 30° was chosen relative to a transverse plane and both fibre families were acting only in tension (J i < 1, Ψfibres i = 0, Peyrault et al. 2009 ). The fibres were placed circumferentially:
thanks to a python script, the local orientation of each annulus elements was defined according to the geometry of the annulus contours. A smooth distribution was achieved by means of a linear interpolation between the orientation at the inner contour around the nucleus and outer contour of the annulus fibrosus ( Figure 2 ).
PMMA was defined as linear isotropic with E = 3000 MPa, = 0.3 and prescribed to the nucleus and annulus elementsets without modifying the meshes for the PMMA boundary condition.
Simulations
The constitutive laws have been implemented as FORTRAN subroutine (UMAT) and non-linear analyses were performed with Abaqus (Abaqus6.9, Simulia, DassaultSystemes, VelizyVillacoublay, France). The nodes of the caudal surface of the inferior discs were fixed axially and a displacement (PMMA: 3 mm, IVD: 6 mm) was applied on the nodes of the cranial surface of the superior discs at slow constant displacement rate of 5 mm/min (Chevalier et al. 2008) . The nodes of both surfaces were free transversely. We computed force-displacement curves, determined the ultimate forces (Ult PMMA and Ult IVD ) and damage distribution of the vertebral bodies.
To understand the mechanisms of damage accumulation in bone, the fraction volume damaged (FVD) and weighted mean damage (WMD) were calculated in six element sets. The complete vertebral body, its endplates, cortex and the trabecular bone composed of three subregions: the elements of the trabecular core located underneath the nucleus pulposus (the same elements were picked in case of PMMA boundary condition), the elements besides the cortical wall and the elements of the core (Figure 3 ). 
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Statistics
Pearson's correlation coefficient (R²), regression equation, concordance correlation coefficient (ccc, Lin 1989) and standard error was computed for the correlation of ultimate forces between the two loading conditions. Paired two-tailed Student's t-tests were performed for comparisons of volume damaged and weighted mean damaged. Significance level was set to 95% (p<0.05).
Results
The meshes counted 12000 elements in average. PMMA and IVD simulations lasted 5h and 13h on a four 3 GHz processors PC with 24GB RAM.
Comparison of force-displacement curves
Verification of the force-displacement curves
Ultimate force was defined as the maximum force reached before softening ( 
Pre-yield local force maxima
One or several local maxima were seen on force-deflection curves of every IVD simulation before the ultimate force was reached (Figure 4 ). These peaks were observed in previous in vitro tests (Roaf 1960 , Henzel et al. 1968 , Shirado et al. 1992 .
The effect of boundary condition on the yield behaviour
The average Ult PMMA was 22 % higher than Ult IVD . However, excellent correlation was found between Ult PMMA and Ult IVD (R 2 = 0.988, ccc = 0.79, std_err = 0.028) ( Figure 5 ). Moreover, in both cases, softening was observed after reaching the ultimate force. However, the decrease in force due to softening was always higher with PMMA than with IVD. The embedded vertebral bodies were also more brittle than the ones with discs and yield occurred earlier. The deformation of the compliant intervertebral discs explains partly these observations but not entirely: embedded specimens appeared also to dissipate more energy than specimens surrounded by discs.
Comparison of damage localisation
Evolution of damage
The evolution of FVD and WMD during the compression of a vertebral body ( Figure 6 ) shows a faster increase of the volume damaged in trabecular and cortical bonewith PMMA. Moreover, the endplates were more subject to damage when not constrained by the embedding material: the volume of damaged elements and their damage was rising higher and faster.
Damage localization with IVD at the pre-yield local force maxima
One or several local force maxima were observed on the force-deflection curves of the IVD boundary condition. Damage maps of a few increments before (Figure 7 a) and after that peak (Figure 7 b) show that this small but sudden decrease of force seemed to be related to damage initiation in the cancellous bone below the nucleus.
Qualitative observations from damage plots
Coronal views of the damage localisation for a typical specimen (176L4) display the map of damage of the embedded vertebra PMMA and the IVD boundary conditions. They were different, especially in the endplates region. Indeed, at ultimate force (Figure 8 a, c) , the highest levels of damage are seen in the trabecular bone underneath the nuclei, while the embedding seemed to "protect" this area of the bone even for displacements superior to the ultimate displacements ( Figure   8 b, d).
Quantitative evaluation of damage
The FVD and WMD were compared between both types of boundary conditions (Figure 9 ). The volume of cancellous bone damaged was similar for both boundary conditions but the localisation of damage within the trabecular bone itself was studied specifically (Figure 9 a) However, a quick glance at WMD (Figure 9b ) suggests that damage accumulated significantly more in all elementsets (p TBNucleus , p TBCortex and p endplate < 0.001, p TBCore =0.02) but the cortex when the IVD boundary condition was used. We observed qualitatively that every region of the trabecular bone and the cortical endplates seemed protected when loaded via PMMA. This is also shown by a significantly higher damage level in the complete vertebral body (WMD PMMA = 0.12 -WMD IVD = 0.17, p=0.02).
Discussion
Several authors studied the effects of boundary conditions during loading (Homminga et al. 2004 , Eswaran et al. 2006 , Fields et al. 2010 , Homminga et al. 2011 ) using computationally expensive linear elastic µFE models. They did not attempt to compute the ultimate force, keystone of fracture risk prediction from FE , Buckley et al. 2007 , Chevalier et al. 2008 , nor did they quantify damage in the bone. In this study, we use the state-of-the-art intervertebral disc and bone models to measure the effect of fully degenerated (PMMA) and healthy (IVD) boundary conditions on ultimate force and damage localisation.
A closer look to the force-deflection curves reveals that our simulations are able to capture fine details: local force maxima are seen on every computed force-deflection curves before yield.
Interestingly, Roaf (1960) , Henzel et al. (1968) and Shirado et al. (1992) observed peaks before failure of the vertebral body, referring to them as endplates disruptions which is coherent with the sudden increase in damage observed after the peaks in the endplates and trabecular region under the nuclei in in vitro (Jiang et al. 2010 ), in vivo (Ortiz et al. 2011 ) and in silico (Fields et al. 2010) studies. Moreover, this injury is occurring with healthy intervertebral disc as our models of discs.
Ult PMMA is higher than Ult IVD . The force-deflection curves highlight the effects of the boundary condition on ultimate force: the stiffness of the embedding material compared to the relative softness of the healthy intervertebral disc affects the way the endplates distribute stress in the vertebral body and the overall ductility of the vertebral bodies (Nekkanty et al. 2010) . Indeed, in vitro (Shirado et al. 1992 and Dai 1998) and FE (Homminga et al. 2001 , Polikeit et al. 2004 ) studies reports less risk of fracture for an osteoporotic vertebral body when surrounded by degenerated discs: the trabecular bone acting as an energy absorber carries a higher fraction of the load than the cortical shell when the vertebra is surrounded by healthy discs, while this fraction is lower in case of a stiff degenerated disc (Kurowski and Kubo 1986 , Homminga et al. 2001 , Homminga et al. 2011 . The underestimation of our FE predictions compared to experimental data is explained by the non-viscous nature of our constitutive law for bone. Although, switching on the viscosity term of the bone material would improve the FE prediction of the ultimate forces measured by Chevalier et al. (2008) , this switch would affect equally the FE simulations with PMMA and IVD boundary conditions.
The ability of our models to compute damage localisation provides further insight to our understanding of damage mechanisms. We found that the PMMA embedding keeps the endplates intact whereas damage is easily initiated via intervertebral discs under the nucleus. The stiff embedding material provides rigid boundary conditions that prevent any deformations in the endplates as Fields et al. 2010 showed by suppressing the Poisson effect of the discs. Additional measures show that the endplates and the trabecular bone underneath the nuclei are the weakest regions in osteoporotic vertebral bodies and undergo the highest deformation when loaded with healthy intervertebral discs (Kurowski and Kubo 1986 , Eswaran et al. 2007 , Fields et al. 2010 ).
The relative difference Ult PMMA / Ult IVD is always about 20% and good correlation exists between Ult PMMA and Ult IVD (R 2 = 0.988). This suggests that FE models with embedding material are actually as good as FE models with intervertebral discs to compute vertebral strength of the vertebral bodies knowing the shift between the two predictions (Ult IVD = Ult PMMA * 0.746 + 149.692). Therefore, an explicit modelling of the intervertebral disc does not seem necessary for transversal and longitudinal comparisons of vertebral strength as suggested by Buckley et al. (2006) . This high correlation between Ult PMMA and Ult IVD might seem surprising. The stiffness of the specimen decreases while its overall level of damage increases. However, only a damage localisation band through the entire vertebral body can explain why a specimen reaches ultimate force. This band corresponds approximately to the elements with the lowest BVTV and is independent of the boundary condition, which may explain the high correlation. Therefore, although the growth of damage is depending on the boundary condition, with high areas of damage occurring initially under the endplates with IVD, the damage localisation band at ultimate load presents similarities and the difference between Ult PMMA and Ult IVD becomes almost independent of the specimen tested. The higher damage level under the nuclei explains the non-visibility of "central band of damage" from figure 8 c while visible on Figure 8 a, b, d ).
The first limitation to highlight concern the material tested. The number of specimens used is limited (12). However, considering the wide range of age (47-83 y.o.), level (L1-L5), BMD (0.29-1.22 g.cm -2 ) and shape, excellent correlation of ultimate forces and similar damage localisation were computed from our specimens. A second limitation pertains to the damage that does not take in account a pre-existing micro-damage. Finally, we only tested rigid uniaxial compression although sophisticated loading cases were tested (lateral bending, flexion-extension, combined load cases) by Chevalier et al. (2008) . However, Chevalier and Zysset (2012) showed that all major stiffnesses correlated well with the axial stiffness. In addition, no experimental tests were performed to validate our spine unit models with the ideal intervertebral discs. Nevertheless, both models of bone and discs had been already validated independently in previous studies (Pahr et al. 2011 , Moramarco et al. 2010 ) and the ultimate forces computed were in agreement with the available literature.
Finally, while embedding of the vertebral endplates is commonly used as a biomechanical testing protocol, our study demonstrated that ultimate force and damage distribution of vertebral bodies were affected significantly by the presence of a soft intervertebral disc using hFE models running 100 times faster than corresponding µFE models even on a standard PC.
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